We investigate the photoelectron angular emission distributions obtained by strong field dissociative ionization of H2 using cold target recoil ion momentum spectroscopy. In case of employing laser light with an ellipticity close to 0.9 and an intensity of 1.0 × 10 14 W/cm 2 , we find that the most probable release-time of the electron does not generally coincide with the time when the laser field maximizes. The release-time is affected by the molecular orientation. In addition, we observe that the width of the release-time distribution depends on molecular orientation. We attribute this observation to a two-center-interference confirming a prediction by Serov et al. [1].
At which time is an originally bound electron released when an atom is exposed to a strong laser pulse? This question is closely related to the strong field induced tunnel-ionization rates and if such release-times depend on the properties of the orbital of an atom, molecules and even solids exposed to the ionizing field [2] . A powerful experimental technique to access these ultra-short time scales is attosecond-streaking employing a timedependent electric field in the THz or optical regime. This streaking field accelerates the electron once it is in the continuum and the momentum transferred depends on the electron release-time. Thus, measuring the final momentum allows one for inferring the release-time of the detected electron with attosecond precision [3, 4] . A particularly intuitive implementation of this idea is angular streaking in which one uses close to circularly polarized femtosecond pulses [5] [6] [7] [8] [9] [10] . In strong field ionization employing circularly polarized light the emission direction of the electron (in the polarization plane) encodes the release-time of the electron with high precision: The rotating electric field of the femtosecond laser acts as an ultrafast clockwork and the measured electron momentum vector serves as the hand of the clock. This concept is well-known as the 'attoclock' [11] . Despite its conceptual simplicity, this technique paved the way to measure attosecond phenomena with femtosecond laser pulse. The most widely used observable in angular streaking experiments is the angle at which the electron count rate maximizes. After accounting for the influence of the ionic Coulomb field, this angle is usually associated with the time at which the electron most likely appears in the continuum (i.e. the 'release-time'). A second important observable is the width of this angular distribution. Until today angular streaking or attoclock measurements are mostly limited to atomic targets [5, 6] and only very few cases involving molecules or molecule-like species have been reported so far [7, 8] . If an atom is ionized by a strong laser field, the photoelectron most likely escapes the atomic potential at the peak of the laser's electric field, because the tunneling process depends in a strongly nonlinear manner on the laser intensity. For a molecule, the ionization rate depends additionally on the orientation of the molecular axis with respect to the instantaneous electric field vector [12] , which has been attributed to the shape of the ionized molecular orbital.
In this letter, we investigate how the interplay between the molecular orbital and the driving laser field influence the polarization plane photoelectron angular emission distribution in dissociative ionization of H 2 . We show, that in case of strong-field ionization of H 2 , the most probable electron emission angle (and thus the most probable release-time) depends on the molecular orientation with respect to the laser polarization. Additionally, it is demonstrated that the width of this angular distribution depends on the molecular orientation, too. The latter issue has been recently addressed theoretically by Serov et al. in their numerical simulation of the attoclock approach [1]. Fig. 1 illustrates the scheme which we employed to access the electron release-time as a function of the molecular orientation.
In this experiment, elliptically polarized intense laser pulses with a duration of 100 fs at a central wavelength of 790 nm were generated by a Ti:sapphire femtosecond laser system (Wyvern-500, KMLabs). The ellipticity (ǫ) of the pulse was approximately 0.9. To produce elliptically polarized pulses, we used a combination of a quarter-wave (λ/4) plate and a half-wave (λ/2) plate which were placed before the entrance window of the experimental chamber. Inside the vacuum chamber, the laser beam was focused by a spherical concave mirror (f =60 mm) onto a cold supersonic H 2 gas-jet. The gasjet was produced by means of a supersonic expansion of H 2 gas through a 30 µm nozzle with a driving pressure of 1.2 bar at room temperature (300 K). We measured the three-dimensional momentum distributions of the H +ion and the electron, in coincidence, by using the cold target recoil ion momentum spectroscopy (COLTRIMS) technique [13, 14] . The spectrometer used here has an ion arm consisting of a 18.2 cm acceleration region and a 40.0 cm drift region and an electron arm with an acceleration length of 7.8 cm. The H + ions and photoelectrons were accelerated by a homogeneous electric field of 42.3 V/cm towards two micro-channel plate detectors equipped with delay-line anodes [15] . A superimposed magnetic field of 10.1 Gauss was employed in order to confine the electrons inside the spectrometer volume. We used a laser intensity of 1.0 × 10 14 W/cm 2 . The intensity calibration was done by examining the photoelectron distribution from single ionization of argon using a circularly polarized laser pulses. To obtain an accurate measure of the peak intensity at the center of the focal volume, the experimental electron radial momentum (p er = p 2 ey + p 2 ez ) distribution was compared with Monte-Carlo based semi-classical two-step (SCTS) model [16] . In this simulation non-adiabatic initial conditions were extracted from the Strong field approximation (SFA) [17] . Using this method, we obtained a peak electric field strength of 0.043 a.u. for the elliptically polarized laser pulse.
Strong field dissociative-ionization of H 2 is typically considered a two-step process:
In the very first step, the H 2 molecule is photo ionized (see Eq. 1). The resulting H 2 + ion is created in a broad superposition of vibrational states (on 1sσ + g potential curve) and further nuclear dynamics is driven by the laser field. During its vibational motion the H 2 + ion can absorb further photons from the laser field and dissociate into H + and H 0 (see Eq. 2) [8, [18] [19] [20] . There are two well-known channels for H 2 + dissociation: The 1-photon (1ω) channel and the net-2-photon (net-2ω) channel. In the 1ω channel, the H 2 + ion absorbs one photon from the laser field and is electronically excited to the repulsive 2pσ + u potential energy curve on which it dissociates. In the net-2ω channel, the H 2 + ion is excited to the 2pσ + u potential energy curve by absorbing three photons at small internuclear distance. The nuclear wave-packet generated moves along that potential energy-curve to a larger internuclear distance at which one photon is emitted, yielding a transition to the 1sσ + g potential curve along which the molecule finally dissociates. One can easily separate these two channels experimentally by the proton kinetic energy spectra (or proton momentum-distribution in the laser polarization plane). The net-2ω channel yields higher kinetic energy than the 1ω dissociation. Here, we discuss only on the net-2ω channel as this channel is easy to distinguish regarding inter-channel mixing compared to the 1ω channel [21] . Fig. 2(a) shows the measured correlation of the electron emission-angle (θ elec ) and the ion emission-angle (θ ion ) in the polarization plane (see Fig. 1 for the definition of the angles). After performing a column-wise normalization of the correlation plot [see Fig. 2(b) ], it is evident that the distribution has a varying slope, and it is not equal to one. Hence, for a particular variation of θ ion , θ elec varies less. For example, in the range -70 • < θ ion < 50 • a change of θ ion of almost 110 • results in a change of only 15 • in θ elec . To visualize this, the most probable electron emission-angle θ elec is plotted as a function of θ ion in Fig. 2(c) . This observation can be understood considering a simple model in which the ionization probability is a product of the photoelectron angular distribution for perfectly circularly polarized light which mimics the shape of the molecular orbital and the Ammosov-Delone-Krainov (ADK) rate [22] . Since the variation in ADK-rate (which is a property of the laser field) is much steeper than the molecular orbital angular distribution (which is a property of the molecule), the electron angular emission distribution is dominated by the properties of the laser electric field while the molecular orientation has only a week effect. This is illustrated in Fig. 1 and the quantitative result from the simple model is shown in Fig. 2(c) (solid red line). For this quantitative modelling, we use a parametrization of the measured electron angular distribution for circularly polarized light sin 2 θ + η 2 cos 2 θ [23]; Here, η reflects the asymmetry between the long and short axis of the angular dependent ionization probability. We find a value of η = 1.55 which has been optimized to match the experimental variation of the angular profile [see Fig. 2(b) and (c) ]. This value matches perfectly with the molecular strong-field approximation (MOSFA) calculation as reported in Ref. [23] .
Neglecting Coulomb interaction after tunneling, the electron emission-angle (θ elec ) is determined by the vector potential at the instant the electron exits the tunnel (i.e. the release-time). We assumed that Coulomb interaction after tunneling introduces an offset that is independent of the release-time of the electron. [24] . Thus, the Coulomb interaction after tunneling leads to a constant shift in the streaking angle (see Fig. 1 ). Within this assumption, our measurement provides direct access to the photoelectron release-time difference for different molecular orientations. The observed variation of the streaking angle θ elec in [Fig. 2(c) ] of approximately 15 • ± 3 • corresponds to a difference in the most probable release-time of 110 ± 22 attoseconds.
In a next step, we explore how the width of the photoelectron angular distribution depends on the molecular orientation with respect to the major axis of the polarization ellipse of the laser pulse. In Fig. 3(a) we show the distribution of θ elec in the plane of polarization for three different orientations of H 2 (along the major-axis, minor-axis and perpendicular to the polarization plane). If the molecule is oriented along the minor-axis of the light's polarization ellipse, the photoelectron distribution is broader; while for the major-axis alignment case, the distribution is narrower. The width of the angular distribution for the perpendicular orientation is in-between the two other cases. The three orientations correspond to cases where the H + -ions are ejected into an angular interval of ±15 • around the maximum (major-axis) and minimum (minor-axis). For the third case we select H 2 + ions emitted into an angular interval of ±40 • with respect to the light propagation direction.
We follow Ref.
[1] and argue that this change of width of the emission pattern is a consequence of two slit interference. For its fundamental nature, H 2 has long been a strong candidate for investigating the impact of twocenter interference on many interaction processes like ion or electron scattering and electron emission induced by ion, electron and photon impact [25] [26] [27] [28] [29] [30] [31] . in case of laserinduced ionization, the large tunnel-exit position and the Coulomb interaction with the residual molecular ion make the double slit analogy less obvious [32] . However, very recently laser field-induced double-slit interference has been seen by Kunitski ions [32] . To estimate the effect of the two-center interference on the width, we approximate the angular distribution as a product of an angular distribution from a single center emission [P SC (θ elec )] and an angular distribution P TC given by the interference between the emisssion contributions from two single centers separated by the internuclear distance R with an electron momentum k elec as suggested by [1] . For an orientation of the internuclear axis in the polarization plane at an angle θ ion we obtain:
The double slit contribution P TC is shown in Figs. 3(c) and (d) for the two cases of the molecule being aligned along the major (θ ion = 0 • ) and minor (θ ion = 90 • ) axis of the polarization ellipse. The single center angular distribution P SC (θ elec ) one can roughly estimate using the ADK rate for an ionization potential of I p = 15.4 eV and the field strength as given by the polarization ellipse. The theoretical result of P TC and the product P SC (θ elec ) · P TC is shown in Fig. 3(b) .
This simple model nicely reproduces the experimental observation of the variation of the width of the electron angular distribution with molecular orientation [see in Fig. 3(a) ]. The physical effect is, that for an orientation of the molecule parallel to the major axis the zero order interference fringe provides a function which peaks along the maximum of the single center distribution thus narrows its down, while for the molecular orientation perpendicular the central fringe of the double slit points at θ elec = 0 • , 180 • [Fig. 3(c) ] enhancing the wings of the angular distribution.
In conclusion, in this paper, we demonstrate that the interplay between the shape of a molecular orbital and the ADK-rate allows to intuitively understand attosecond electron release-time in dissociative ionization of H 2 using the angular streaking method. In contrast to the atomic case, we can disentangle the electron release-time difference occurring for different molecular orientations with respect to the laser polarization vector. This has been done by analyzing the photoelectron and ion angular emission distributions measured in coincidence. This work is supported by Deutsche Forschungsgemeinschaft (DFG). We also acknowledge partial support from Deutsche Forschungsgemeinschaft via Sonderforschungsbereich 1319 (ELCH). AK thanks Alexander von Humboldt foundation for the support. * khan@atom.uni-frankfurt.de † doerner@atom-uni.frankfurt.de [1] V. V. Serov, A. W. Bray, and A. S. Kheifets, Phys. Rev. A 99, 063428 (2019).
